Tissue-resident macrophages originate from the yolk sac in a Myb-independent manner and populate all organs during embryogenesis. These macrophages are a heterogeneous self-renewing population that adapt to the organ-specific local environment to contribute to tissue homeostasis. Depending on the age, organ and inflammatory conditions, macrophages that are derived from hematopoietic stem cells (HSCs) in a Myb-dependent manner may also infiltrate organs and develop into tissueresident macrophages. The factors and mechanism driving the conversion of HSC-derived monocytes into tissueresident macrophages are incompletely understood but may potentially offer the opportunity to therapeutically modulate tissue-specific inflammation. Recently, Gundra et al. presented the first evidence that activated monocytes recruited to the peritoneal cavity by a type 2 immune reaction can convert them into macrophages with the transcriptional profile of resident peritoneal macrophages. 1 In addition, monocyte-derived macrophages can convert into tissue macrophages in Schistosoma mansoni-induced T helper cell type 2 (T H 2)-dependent granuloma of the liver. Most notably, in the peritoneum and liver, the conversion of monocytes to tissue-resident macrophages lasts weeks and is vitamin A-dependent.
In some tissues, particularly intestine, monocyte-derived macrophages contribute substantially to the number of resident macrophages (Figures 1 and 2 ). These HSC-derived resident macrophages self-renew and acquire a tissuespecific transcriptional profile under homeostatic conditions. In addition, HSC-derived macrophages can fill the niche of depleted tissue-resident macrophages. To further explore the processes leading to the conversion of monocytes into tissue-resident macrophages under inflammatory conditions, Gundra et al. induced a type 2 inflammatory reaction in the peritoneum of mice by injecting thioglycollate in combination with a complex of IL-4 and anti-IL-4 (IL-4c AAM mono cells that persisted for eight weeks in the peritoneal cavity lost the capacity to re-express PD-L2 upon IL-4c stimulation. In addition, these converted cells (AAM conv ) induced the expression of UCP1, which is also expressed in unstimulated AAM res .
Tissue-resident macrophages are highly adapted to the local environment of their respective tissue. This functional adaptation is reflected at both the genetic and epigenetic (enhancer landscape) levels of different tissue-resident macrophages. 2, 3 Reprogramming of AAM mono to tissue-resident AAM conv resulted in change to a similar transcriptional profile in AAM conv compared with AAM res . RNA sequencing revealed a differential expression of nearly 8000 genes in AAM conv compared with AAMmono . By contrast, AAM conv expressed only 1730 genes differently compared with AAM res , thus indicating a similar adaptation of both cell types to the microenvironment. However, as many as 2600 of the genes expressed in AAM res were not expressed in AAM conv , thus Over the course of weeks, the type 2 inflammatory reaction results in the recruitment of inflammatory monocytes to the liver, and some of these monocytes differentiate to AAM conv , partially resembling liver-resident macrophages, including the capacity to self-renew. In the lung, kidney, peritoneal cavity and, particularly, intestine, the contribution of HSC to tissue-resident macrophages is up to 50%, depending on the age and gender. 4, 5 By contrast, in the brain and liver, replacement of tissueresident macrophages by HSC-derived macrophages under homeostatic conditions is negligible. 4, 5 Decades ago, Yamada et al. suggested that under inflammatory conditions, the tissueresident macrophages of the liver, that is, Kupffer cells, can proliferate and contribute to granuloma formation upon yeast-derived glucan challenge. 6 To further study the impact of infection on AAM mono to AAM conv conversion, Gundra et al. used a model of murine schistosomiasis. 1 Infecting mice with the helminth Schistosoma mansoni results in liver granulomas surrounding extracellular eggs of the parasite. Granuloma formation protects the liver from parasite-induced hepatocyte damage, and CD4 + T cell-activated AAM mono cells are a major constituent of the granuloma. 7 Employing cell fate mapping with Cxcr1 CreERT2-IRES-EYFP Rosa stop-tdTomato reporter mice, Gundra et al. showed that Schistosoma-associated granulomas contain tissue-resident macrophages and a heterogenous population of AAM mono . A small number of AAM mono lost expression of the characteristic PD-L2 and CD206 markers and instead began to proliferate clonally and express the tissue-resident macrophage marker UCP1. Although this phenotype is reminiscent of tissue-resident macrophages, it is unclear to what extent AAM mono acquired a tissue-resident macrophage phenotype on the transcriptional and enhancer elements landscape level. In addition, monocyte-derived macrophages have great adaptive capacity and plasticity; thus, the phenotype of the various AAM mono subpopulaton in Schistosoma granuloma may change over time. Of note, S. mansoni-induced granuloma formation in the lung did not result in the development of monocytederived macrophages with the tissueresident macrophage signature, 1 indicating that the conversion of AAM mono to tissue-resident-like and monocytederived macrophages are functionally shaped by the local environment.
The environment is an important factor that regulates the function and fate of tissue-resident macrophages under both homeostatic and inflammatory conditions. Even in sterile cavities such as the brain, tissue-resident macrophages, that is, the microglia, are functionally regulated by the intestinal microbiome under steady-state conditions. 8 During infection, the disease-specific inflammatory milieu and pathogen-specific factors determine the fate of tissue-resident macrophages and inflammatory monocytes. In the liver, the T H 2-dependent activation of tissue-resident macrophages, monocytes and different populations of monocytederived macrophages protect against the hepatocyte damage induced by extracellular Schistosoma. In addition, monocytes and macrophages play an important protective role upon infection with the facultative intracellular bacterium Listeria monocytogenes. During infection in mice, L. monocytogenes first infects hepatic Kupffer cells and then spreads to hepatocytes. In parallel, large numbers of monocytes are recruited to areas of bacterial replication. These inflammatory foci consist of protective neutrophils, TNF/iNOS producing dendritic cells and M1-polarized monocyte-derived macrophages. 9 Importantly, upon infection with high numbers of L. monocytogenes, Kupffer cells undergo rapid necroptosis within the first few hours of infection. 10 This niche of tissue-resident macrophages is then taken over by monocyte-derived macrophages. The replacement of Kupffer cells by monocyte-derive macrophages is triggered by hepatocyte-derived IL-33 and basophil-derived IL-4, eventually leading to the development of in situ proliferating AAM mono . 10 Thus, in listeriosis, M1 macrophages contribute to pathogen control, and AAM mono contribute to the restoration of normal liver architecture. It will be interesting to determine whether these AAM mono acquire the phenotypic, transcriptional and epigenetic hallmarks of Kupffer cells.
Schistosoma and Listeria studies focusing on the liver and using the same inbred mouse strains illustrate that the divergent fate of AAM mono is strongly influenced by the underlying pathogen. In both infectious disease models, AAMmono contributed to protection from liver damage. Future studies will reveal whether AAM mono also protects the liver in sterile-inflammatory diseases and whether the concept of tissue protective AAM mono cells partially undertaking the function of tissue-resident macrophages translates to other organs.
Therapeutically, the identification of factors driving the in situ conversion of AAM mono to AAM conv and the reconstitution of tissue-resident macrophages are of great interest. In this regard, Gundra et al. demonstrate that endogenously stored vitamin A and treatment with retinoic acid, a metabolite of vitamin A, foster the conversion of AAM mono to AAM conv and the proliferation of tissueresident macrophages in the peritoneal cavity of IL-4c-treated mice. 1 In schistosomiasis, vitamin A and retinoic acid induces the proliferation and maintenance of tissue-resident macrophages and the conversion of AAM mono to AAM res . In these experiments, it remains unknown whether vitamin A and retinoic acid directly regulated macrophage and monocyte function or whether these effects were, at least partially, caused by the vitamin A-dependent induction of a type 2 inflammatory response in other cells. In fact, vitamin A has a broad impact on the innate and adaptive immune system, including the differentiation of T H 2 cells and functional polarization of peritoneal resident macrophages. 11, 12 Of note, the important anti-infective function of vitamin A has been described as early as 1928; however, vitamin A deficiency continues to be frequently observed in developing countries, posing a significant medical health problem because it is associated with increased lung and gastrointestinal infection. 13, 14 Taken together, vitamin A and retinoic acid are important regulators of the functional plasticity of AAMmono and tissue-resident macrophages during steady state conditions and in ongoing immune reactions. Future work will aim to decipher the functional importance of individual macrophage populations, to define the different states of macrophage plasticity and elucidate how heterogeneous macrophage populations can be selectively manipulated.
